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Abstract 
   Water desalination by capacitive deionization (CDI) is performed via electrochemical cells consisting 
of two porous carbon electrodes. Upon transferring charge from one electrode to the other, ions are 
removed from the feedwater by electrosorption into electrical double layers (EDLs) within the 
micropores of the porous carbon. When using electrodes containing fixed chemical charge in the 
micropores, various counterintuitive observations have been made, such as “inverted CDI” where 
upon charging, ions are released from the electrode, and the feedwater is only desalinated when the 
cell is discharging. We set up an EDL model including chemical charge that explains these 
observations and makes predictions for a working range of enhanced desalination by CDI.  
 
------ 
 
   In Capacitive Deionization (CDI), water is desalinated by the phenomenon of electrosorption in 
porous carbon electrodes.1-4 Upon transferring electronic charge through an external circuit from one 
porous electrode to the other, electrical double layers (EDLs) are formed in the micropores within the 
carbon electrodes. In micropores, electronic charge (in the carbon) is locally charge-compensated by 
ionic charge, due to a difference in concentration between micropore counterions and coions, see 
Fig. 1A,B.5-9 Because more counterions are adsorbed in the EDLs than coions are expelled, the water 
flowing through the CDI device is desalinated for a certain duration, typically of the order of minutes. 
When the electrodes become fully charged, the cell is discharged and ions are again released, 
leading to a brine stream. The most widely-used CDI cell architecture is called “flow-between” CDI 
where the two porous electrodes sandwich a spacer channel through which the feed water flows, but 
many other architectures have recently been demonstrated.2 The measurable voltage between the 
two electrodes is the cell voltage Vcell (anode minus cathode potential), and during CDI cell operation, 
the cell voltage switches between the charging voltage (for instance, Vch=1.2 V), and the discharge 
voltage (typically Vdisch=0). In this cyclical operational scheme, freshwater is produced for some time 
(during the charging step), after which for some time water of a higher salinity is produced (discharge 
step).  
   It is now well documented that it is possible for this classical response of a CDI cell to applied step 
voltages, to be inverted (i-CDI).10-13 In i-CDI, during the charging step salt desorbs from the electrodes 
and the cell effluent is a brine. Ion electrosorption (desalination) occurs only in the cell’s discharge 
step (when Vdisch=0). This behavior is highly counterintuitive, and has been observed for electrodes 
modified to contain surface groups with a special chemical functionality,11,13,14 or for those that during 
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operation slowly developed oxygenated surfaces.10,11,12 Various explanations for inverted operation 
have been proposed such as a shift in point of zero charge (pHPZC),13 potential of zero charge 
(EPZC),10,11,13 electrochemical oxidation of electrode and/or water,10,11,13 pH effects,11 coion 
desorption,10,11 asymmetric potential distributions,10,11 and chemical charge.13 A quantitative theory 
which captures and explains this inversion phenomenon has not yet been proposed. Understanding 
the cause and implications of inversion is of importance for CDI and other processes using porous 
electrodes, and leveraging these effects can lead to improvements in CDI cell performance.  
 
 
 
Fig. 1. Sketch of EDL structure in CDI for standard and modified electrodes. A) Standard EDL in 
electrode (cathode) where an excess of cations in the electrolyte phase in the micropore is charge-
compensated by electronic charge in the carbon matrix. B) Reversing the charge has no effect on the 
total ion concentration. C) With fixed chemical charge residing in the cathode, more cations are 
adsorbed for the same electronic charge as in A). D). Reversing polarity leads to the expulsion of free 
cations, and the chemical charge being compensated by positive electronic charge. For equilibrium, 
the electrode potential E is defined relative to the solution potential outside the micropore, φext. The 
Donnan potential is ∆φD=φmi-φext; the Stern potential ∆φS=E/VT-φmi. 
 
   We here extend classical theory for porous electrodes by including a fixed chemical charge, which 
does not vary with liquid or solid phase potential, in the description of the EDL that forms in the 
micropores of the electrodes. Our EDL model considers electronic charge, mobile ionic charge, and 
fixed chemical charge, see Fig. 1C and D, taking inspiration from models capturing the 
semiconductor/water interface.15-19 As we show, this extension of classical EDL theory captures the 
essential features observed in the performance of CDI with chemically modified electrodes, including 
accurately reproducing inverted operation. This agreement is compelling evidence that i-CDI is indeed 
the consequence of the presence of fixed chemical charge in the electrodes. In addition to describing 
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i-CDI, our theory demonstrates the existence of new, unexplored operational modes. One resulting 
discovery we present here, is that for chemically modified electrodes operated in carefully chosen 
voltage ranges, the salt adsorption capacity in a CDI cycle (SAC) can be increased significantly 
compared to what has been previously achieved with unmodified capacitive electrodes. 
   The theory is based on a simple geometry of two porous carbon electrodes with internal, wetted 
micropore volume vmi per electrode. The electrodes are separated by an electrolyte-filled spacer 
channel. The electrolyte is a monovalent salt solution, such as NaCl in water. For classical CDI, the 
ionic charge in the EDLs, σionic, exactly compensates the charge in the electronically conducting phase, 
i.e., in the carbon matrix, σelec (Fig. 1A,B). For chemically modified electrodes, we include chemical 
charge in the charge balance, and thus σionic+σchem+σelec=0 (Fig. 1C,D). Fixed chemical charge in 
porous carbons can be due to sulfonic groups (negative charge) or amine groups (positive 
charge).20,21  
   To describe the EDL structure we use the Donnan model, which is a simple model that captures the 
essential physics of salt and charge storage in capacitive porous electrodes.5,6 Modified versions of 
the Donnan model accurately describe data for charge and salt adsorption in carbon micropores.2,7,22 
The Donnan model is based on the fact that in carbon micropores (< 2 nm), the EDLs forming along 
pore surfaces are strongly overlapped. Thus, a single electrostatic potential and concentration in the 
micropore electrolyte volume can be assumed, with the micropore ion concentration related to 
concentrations outside the micropore by the equilibrium Boltzmann relation, similar to its use for ion-
exchange membranes.23 The potential difference between inside and outside the micropore is the 
Donnan potential, ∆φD. An additional potential drop, ∆φS, is due to a constant capacitance, CS, 
between electrolyte volume and carbon matrix. This capacitance may have its origin in the finite 
approach distance of ions to the surface (Stern layer concept), but can also relate to a potential drop 
within the carbon itself, called space charge effect, or quantum capacitance.17,24 Note that 
dimensionless potentials, φ, can be multiplied by the thermal voltage, VT (=kBT/e) to arrive at voltages, 
V or E, with units of Volts. At equilibrium, the electrode potential E (in the carbon, relative to the 
solution phase outside the micropores) is given by 
T S D/E V = ∆φ + ∆φ , (1) 
where potentials ∆φS and ∆φD relate to the electronic and ionic charge density according to 
S elec S T/F C V∆φ = σ ⋅ ⋅   ,  ( )D ionic saltarcsinh /2c∆φ = − σ , (2) 
where csalt is the salt concentration outside the micropores. Note that all charge densities σj are 
defined per unit micropore volume.  
   In the Donnan model, the total ion concentration in the micropores, cions,mi, is given by7 
2 2 2
ions,mi ionic salt4c c= σ + ⋅ . (3) 
   Eqs. (1)-(3) suffice to calculate the equilibrium ion adsorption in the micropores as function of 
electrode potential E, see Fig. 2. To describe a two-electrode CDI cell at equilibrium, we must 
evaluate Eqs. (1)-(3) for both electrodes, include that 
cell A CV E E= −    ,   mi,A elec,A mi,C elec,C 0v v⋅ σ + ⋅σ =  (4) 
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and analyze the CDI-cycle at two values of Vcell, namely the charging voltage, Vch, and the discharge 
voltage, Vdisch (see Fig. 3). Comparing the values of cions,mi in both electrodes at the end of the 
charging and discharge steps, multiplying by vmi,j, summing over both electrodes, and multiplying by 
½⋅Mw/Melec (Mw: molar mass of salt; Melec: mass of both electrodes combined; in this manuscript 
vmi⋅Mw/Melec=7.4 mL/mol is used), results in the salt adsorption capacity, SAC, of the CDI cell, 
expressed in mg salt removal over the cycle per gram of both electrodes combined (when dry).2  
   A simple dynamic model can be set up that not only describes equilibrium salt adsorption but also 
the time-dependence of the salt concentration in the effluent water, see Fig. 4. To simplify the 
calculation, this model assumes that each electrode has properties invariant over its volume (no 
internal mass transfer limitations in the electrodes), while the ionic current is assumed proportional to 
an Ohmic potential drop, ∆φΩ, between the two electrodes, i.e., across the spacer channel. More 
detailed theories for porous electrodes and spacers (including ion concentration variations) are given 
in refs. 1,2,4,22,25,26,27. The electronic current I running through the external circuit from cathode to 
anode equals the ionic current running through the electrolyte in opposite direction. For electrodes 
without Faradaic reactions, a balance for the electronic charge in each electrode is given by 
elec,j
mi,j /v I Ft
∂σ
⋅ = ±
∂
 (5) 
where “+” is used for j=A and “-” for j=C. The ionic current relates to an Ohmic potential drop 
according to 
/I V RΩ Ω= ∆ .  (6) 
   In the transport model, ∆VΩ is added to the right-hand side of Eq. (4a). In Eq. (6), RΩ is an Ohmic 
transport resistance (dimension Ω) which we assume is inversely proportional to the salt 
concentration, csalt, according to RΩ=α/csalt. 
   Desalination of the water in the CDI cell is described by the salt balance 
( ) ( )salt 1tot salt,in salt,out ions,A ions,C2cv c c J Jt
∂
⋅ = Φ ⋅ − − ⋅ +
∂  (7) 
where vtot is the electrolyte volume in the cell excluding micropores, Φ the solution flowrate through 
the cell, csalt,out and csalt,in salt concentrations in the inflow and outflow of the cell, and Jions,j the ion flow 
rates from spacer to electrode micropores (in units of mol/s). In this “stirred tank” mass balance, 
Eq. (7), csalt is the salt concentration everywhere in the cell (except micropores), and thus also the salt 
concentration of the effluent (csalt,out=csalt). Finally, the ion flow rate into each electrode is given by 
ions,mi,j
mi,j ions,j
c
v J
t
∂
⋅ =
∂
. (8) 
   This set of differential algebraic equations suffices for a first-order model to simulate a CDI process 
that has fixed chemical charge in one or both electrodes. 
   In Fig. 2A, we present the results of the equilibrium model (Eqs. 1-3) applied to a single electrode, in 
order to study the effect of chemical charge on salt adsorption. We plot as function of the electrode 
potential, E, the electrode’s electronic charge, σelec, and the total ion concentration in the micropores, 
cions,mi, for an unmodified electrode (solid curves), and for an electrode containing negative chemical 
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charge (e.g., sulfonic groups, dashed curves). Such cions,mi vs. E plots have been used in previous 
works, but as schematics illustrating hypothesized electrode behavior.11,12,14 Here, we directly derived 
such plots from an EDL model. Thus our single electrode cions,mi vs. E curves, for the first time in CDI, 
can be mathematically analyzed, quantitatively compared with data, and extended to non-equilibrium 
situations. In Fig. 2A, the minimum in the curve for cions,mi corresponds to (the potential of) zero net 
ionic charge in the micropores, σionic=0. At this potential dσelec/dE is also at a minimum (but not σelec), 
because the ionic capacitance goes through a minimum when σionic=0. For the unmodified electrode, 
this minimum corresponds to when σelec=0 and E=0, but for modified electrodes, it corresponds to 
where the electronic charge exactly compensates the chemical charge (σelec+σchem=0), a scenario 
schematically depicted in Fig. 1D. Note that for the unmodified electrode, the potential of zero charge 
(PZC) is the same when we consider ionic charge or electronic charge, in both cases the PZC is E=0. 
However, in the presence of chemical charge, the two PZCs are different, as PZCelec is located 
at -0.15 V, and PZCionic at +0.6 V. Thus, when discussing the PZC,12,14,24 our results demonstrate that 
it is important to clearly state whether we consider zero net ionic charge, PZCionic, or zero electronic 
charge, PZCelec. The shift in the minimum in cions,mi to higher potentials for electrodes with negative 
chemical charge (blue dashed curve) is in alignment with data for the differential capacitance of 
oxidized electrodes in Fig. 3 of ref. 14. 
 
Fig. 2. A) Graphical analysis of single electrode behavior. Solid curves for unmodified electrode 
(σchem=0) and dashed curves for electrode containing negative chemical charge, σchem=-1 M 
(csalt=20 mM, CS=170 F/mL). In B) results for a two electrode cell, including an electrode modified as 
in A) (the cathode, dashed curves) and one unmodified electrode (the anode, solid curves).  
 
   In Fig. 2B, we provide an analysis of a two electrode CDI cell with equal micropore volumes 
(vmi,A=vmi,C, Eqs. 1-4) based on the two electrodes discussed in Fig. 2A (one modified, the other 
unmodified). Here, the modified electrode is the cathode in our two electrode cell (negatively polarized) 
and the unmodified electrode is the anode (positively polarized). Thus, the data in Fig. 2B is the same 
as that shown in Fig. 2A, except σelec(E) for the modified electrode in Fig. 2B (red dashed line) was 
reflected in the x-axis compared to the same curve in Fig. 2A, as the value of σelec,C must be equal and 
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opposite to σelec,A (Eq. 4b). This is done to facilitate graphical analysis, following the analysis shown in 
Fig. 8 of ref. 1. We analyze here one state, which is at the end of a hypothetical charging step where 
σelec,A=-σelec,C~0.4 M, and the resulting charging voltage is Vch=EA-EC~0.65 V (see the horizontal black 
line in Fig. 2B). At both values of Ej we can read off the ion concentration cions,mi,j in the respective 
electrode. To analyze a CDI cycle, the same analysis must be performed for a second, discharge 
state (for example, at σelec,A=σelec,C=0) and to calculate SAC we must add up the values of cions,mi,A and 
cions,mi,C for the charged state, and subtracting from this cions,mi,A+cions,mi,C at the discharge state, to 
arrive at the total ion adsorption in a cycle by the pair of electrodes, which can be converted to SAC in 
mg/g. This general analysis can be performed for a CDI cell with arbitrary values of the chemical 
charge in the two electrodes. 
   We now turn our attention to a second type of two electrode cell. Here, both electrodes again have 
equal micropore volumes (vmi,A=vmi,C), but now we set σchem,A+σchem,C=0, meaning the electrodes are 
modified such that they have equal magnitude but opposite sign of the chemical charges. This latter 
condition results in cions,mi vs. E curves for the anode and cathode that are mirror-images when 
reflected in a vertical axis about the point “E=0”. Consequently, the anode potential EA can be 
multiplied by a factor of two to obtain the cell voltage, Vcell=2⋅EA. For this cell, Eqs. (1)-(4) can be 
combined to the simple equation 
( ) ( )( )cell T ionic,A chem,A S T ionic,A salt2 / +arcsinh / 2V V F C V c= − ⋅ ⋅ σ + σ ⋅ σ , (9) 
which can be used along with Eq. (3) to construct cions.mi vs. Vcell curves, such as are shown in Fig. 3. 
As a comparison to our cell of interest with two modified electrodes, Fig. 3A shows the predicted 
curve for an unmodified pair of CDI electrodes (σchem,A=σchem,C=0; solid line). Here “0” denotes 
discharge at Vdisch=0, and “1” charging at Vch=1.2 V. The vertical distance between these two points is 
∆cions,mi~0.85 M, which results in a SAC of ~ 12.5 mg/g. In panel B we plot the same curve for our cell 
of interest, where the anode contains positive chemical charge, σchem,A=+0.4 M and the cathode 
negative charge of σchem,C=-0.4 M. In the anode the electronic charge is positive above a critical cell 
voltage of ( )cell T chem,A salt* 2 arcsinh / 2 0.15 VV V c= ⋅ ⋅ σ ≈ but switches to negative below cell*V ; similarly, 
the cathode switches to carrying positive electronic charge below this threshold (see the black vertical 
line on Fig 3B). Comparing Fig. 3A and 3B, we note that cycling our modified cell between 0 and 1.2 V 
cell voltage (conditions “0” and “1”) gives a somewhat increased value of ∆cions,mi and SAC (see inset 
of Fig. 3B for SAC values), similar to results in refs. 20 and 28. Now, if we instead cycle between 
charging at condition “1” and discharge at condition “2”, which is at a negative discharge voltage, we 
observe an even higher ∆cions,mi and SAC. Because of the enhancement in SAC observed for this 
voltage range, we term this operating regime “enhanced CDI” or “e-CDI”. If we now look at a third 
cycle, that between “0” and “3”, we see that here the ion adsorption is lower at the end of the charging 
step (at “3”) compared to discharge (“0”). This means that during cell charging salt transports from the 
electrode pores to the feedwater. The latter behavior of salt desorption during cell charging has been 
reported in the experimentally observed phenomenon of i-CDI.10,11,13 As shown in the legend of 
Fig. 3B, the i-CDI cycle is also associated with a strong drop in SAC of the CDI cycle, to 1.2 mg/g 
compared to 14.6 mg/g for cycling between 0 and 1.2 V. Finally, the cycle between “0” and “4”, while 
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cycling between -1.2 and 0 V, demonstrates no inversion and a SAC of 3.4 mg/g, significantly lower 
than the case of “standard CDI” where we cycle between 0 and 1.2 V (“0” to “1”). Thus, we term this 
operational condition “diminished CDI”. In summary, Fig. 3B demonstrates that with porous electrodes 
with chemical charge, the voltage range used in cell cycling is an exceptionally important parameter, 
as for a given cell this can dictate the operational regime of either standard CDI (here for Vcell=0 to 1.2 
V), diminished CDI (Vcell=-1.2 to 0 V), i-CDI (Vcell=-0.8 to 0 V), and e-CDI (Vcell=-0.4 to 1.2 V). In the 
following paragraph, we will discuss how the performance regimes shown in Fig. 3B explain recent 
observations in experimental data.  
   To compare the results of Fig. 3B to recent experimental observations, we will first discuss the 
inversion phenomenon in i-CDI.10,11,13 The latter phenomenon has been observed in CDI cells where 
at least one electrode is chemically modified and cell cycling is performed between Vch~0.8 V and 
discharge at Vdisch=0.11,13 In Fig. 3B, we observe an i-CDI operational regime in our model cell for the 
identical voltage cycling between -0.8 and 0 V (note that in our model where the anode carries 
positive chemical charge, -0.8 V, and not 0.8 V, corresponds to inverted-CDI operation). The inversion 
phenomenon in our model is shown to occur also when cycling between conditions “0” and “2”, i.e., at 
Vch=-0.4 V, and this condition leads to a higher SAC magnitude than cycling between “0” and “3”. A 
second operating regime seen in our model is that of “diminished CDI”, and recent experimental 
results have also reported a decrease in SAC for the case when during long-term cycling negative 
chemical charge develops in the positively polarized electrode of a CDI cell (and, we assume, 
opposite charge in the other electrode), corresponding to cycling between “0” and “4” in Fig. 3B.10,11 It 
is also reported that reversing the polarity of such electrodes (cathodic polarization) leads to 
restoration of SAC, which in our model would correspond to cycling between “0” and “1” (standard 
CDI),10,12 and thus these literature observations are in agreement with Fig. 3B. In summary, Fig. 3B 
captures the essential features reported in two operating regimes observed in recent experimental 
CDI cells (i-CDI and diminished CDI), as well as the response to cathodic polarization.  
   The third operating regime demonstrated by our model in Fig. 3B, that of e-CDI, has not yet been 
demonstrated experimentally or theoretically predicted, to our knowledge. The operational regime of 
e-CDI would significantly advance the field of ion electrosorption, as capacitive electrodes have until 
now been able to attain roughly 14 mg/g SAC, and our model results show that significant 
enhancements to this value may be possible.2 Using a discharge voltage of Vdisch~-0.4 V in our model, 
SAC significantly increased, to a maximum of ~18.2 mg/g, which compared to the maximum for 
unmodified electrodes (12.5 m/g, see Fig 3A) is an increase of ~50%. This improvement is obtained at 
a still rather small chemical charge of ±0.4 M. Commercial ion-exchange membranes have fixed 
charge densities in excess of 5 M per unit aqueous pore volume in the membrane23 and thus higher 
values than 0.4 M may be experimentally feasible and will further boost the capacity of carbon 
electrodes by leveraging the e-CDI operational regime. The optimum value of Vdisch is found when 
electronic and fixed chemical charge exactly charge-compensate and thus (for σchem,A+σchem,C=0) Vdisch 
depends on the chemical charge density according to disch,opt chem,A S2 /V F C= − ⋅ σ ⋅ . If the capacitance 
CS is known, this equation predicts the optimum chemical charge to have operation of e-CDI utilizing 
the full span of the water stability window, e.g., for CS=170 F/mL, to have Vdisch,opt=-1.23 V we predict 
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that σchem,A must be ~1.1 M. Vice-versa, this equation can also be used to derive σchem,A from 
knowledge of CS and of the measured optimum value of Vdisch.  
   The above analysis considers symmetrically modified electrodes (σchem,A+σchem,C=0). However, for 
the asymmetric case, e.g., if the anode has fixed positive chemical charge, and the cathode is 
unmodified, the enhancement possible with e-CDI is much reduced; in effect, the least-charged 
electrode is limiting the process. This is shown in Fig. 3A by the dashed curve (σchem,A=0.4 M, 
σchem,C=0) which shows that any choice of cycle voltages, Vch and Vdisch, results in the asymmetrically 
modified system having a  lower value of ∆cions,mi  than the unmodified cell. 
 
Fig. 3. Graphical analysis of two-electrode behavior (symmetric case where σchem,A=-σchem,C=0.4 M, 
csalt=20 mM). A) Solid curve: classical CDI with unmodified electrodes, where cions,mi is symmetric 
around Vcell=0. Charging at condition “1” (Vch=1.2 V) and discharging at “0” (Vdisch=0) results in a salt 
adsorption capacity SAC as indicated. Reversing the value of Vch gives the same SAC. Green dashed 
line: asymmetrically modified electrodes (σchem,A=0.4 M; σchem,C=0). B) With chemically modified 
electrodes, charging at +1.2 V (discharge at Vdisch=0) gives a slightly higher SAC as in A) but charging 
at -1.2 V (condition “4”) results in a significantly reduced SAC. i-CDI is observed when cycling 
between discharge at “0” and charging at either “2” or “3”. 
 
   While Fig. 3 and Eq. (9) demonstrate the equilibrium salt sorption of unmodified and modified CDI 
cells, in Fig. 4, we show the desalination dynamics for these same two cells (Eqs. 5-8). In particular, 
dynamic calculations of the effluent salinity vs. time can be compared with experimental data reported 
for cells using electrodes with chemical charge, such as those demonstrating i-CDI. Calculation 
results are based on CS=170 F/mL, vtot/vmi=10, residence time vtot/Φ=16 s, and a transport resistance 
α⋅vmi=1 µΩ⋅mol, and, as can be seen in Fig. 4, using these parameters we observe unique dynamical 
features which are similar to reported behavior in experimental i-CDI cells.10-13 In Fig. 4, panel A 
shows model results obtained with unmodified electrodes (σchem,A=σchem,C=0), and we can observe that 
the results show the classical behavior of a CDI cell with a decreasing value of csalt,out during charging 
(which is the period 0-100 s), and subsequent salt release during discharge (period 100-200 s). In 
panels B-D, we show calculation results with modified electrodes (σchem,A=-σchem,C=0.4 M). Panel B 
shows a cell in the diminished CDI operational regime cycling between -1.2/0 with a peculiar 
salination peak observed at the start of the charging step. Interestingly, this peak has been observed 
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to develop during prolonged cycling of a CDI cell and called a “repulsion peak”,10 or “inversion peak”.12 
At -0.8/0 we show theoretically i-CDI behavior with salt release during charging (first period) and 
desalination during discharge; at -0.4/0 this inversion is even more prominent. Thus, our simple 
dynamical model reproduces the essential and critical features observed in refs. 10-13 when using 
chemically charged electrode(s) for CDI, including inversion behavior in certain charge/discharge 
voltage ranges, an inversion peak, as well as reduced SAC.  
   In conclusion, our EDL model extended with chemical charge describes the most pertinent 
experimental observations related to inverted CDI. This agreement strongly supports the basic 
assumption that chemical charge residing in the micropores of i-CDI electrodes is responsible for the 
inversion phenomenon. Beyond i-CDI, we show that chemical charge in porous CDI electrodes can 
also lead to a multitude of operational regimes some of which can be detrimental for CDI operation, 
and others which can be used to enhance desalination significantly (e-CDI). Future experimental and 
theoretical work should establish the concentration of chemical charge as function of synthesis 
method, and further investigate the validity of the Donnan model for modified electrodes, possible 
transport limitations in these electrodes, and effects of chemical charge on the window of operation 
safe from water electrolysis.  
 
Fig. 4. Effluent salt concentration in CDI, for a charging cycle (from 0 to 100 s) and discharge cycle 
(100 to 200 s, always Vdisch=0, csalt=20 mM). A) Classical CDI with unmodified electrodes at 
Vch=±1.2 V. B-D) CDI with electrodes containing chemical charge (σchem,A=-σchem,C=0.4 M) for 
decreasing values of Vch. In panels C) and D), the inversion phenomenon is observed, while in B) the 
repulsion peak is found at the start of a charging step (around 0 s). 
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